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ABSTRACT

During the period January to June 1969, a series of 50-mm bearing tests
were performed in liquid hydrogen with {rradiated and onirradiasted ball- and
roller«bearing retainers fabricated from experimental materials. Seversl of
these materials had been qualified by low- and high-speed wear tests, the
results of which were reported in earlier reports {see References 1 and 23,
Resules of testing duriag the current period, in addition to the results of
testing of I{ve parts reported in Reference I, indicated that the maior obiec~
tive of the progras {i,.e,, to develor radiation-vesistant retainer materials)
has been successfully achieved,

Reaults of irvadiation and bearing test performance are described,
Several nev, irradiaced, reinforced polymers vere toated., Of these, the PRI~
glass material perforwed successfully in every respect, gualifving not snly
the materisl but an jmproved vretainer configuration as vell, The PBl-graphite
roller retalners performed satisfactorily, also qualifying this material as a
co~candidate for thrust-bearing-retainer application. Correlation between
retainer wear rate and wear-test wear rate was demonstrated,

BLANK PAGE




ACKNONLEDGEMENT

This program was conducted under the technical guidance of
J. 1. Lowbardo, 5MPO-C. The suthor sckaowledges the concepts and guidance
provided by €. W. Punk and J. B. Acclnelll and extends his appreciamtion in

particalar to Mr. Accinelli for supervision of all bearing test runs.

Introduction

Conclugions

Recosmendations

Technical Discossion

A, Mechanlcal Propertien

8. Subscale Retainer Tests (50 am}
Refcrences

APPENDIXES

Procuremsent and Fabrication of S-Glass Beinforced PBI S50~wm Ball
Bearing Retainers

Procurement, Fabrication and Test Results of S~Class Reinforced
PBI 50-mm Ball Bearing Retainers

Procursment , Fabrication and Test Results of S~Glass Reinforced
P1 50~-mm Ball Bearing Retainers




RN R B e e

8

TABLES

Comparison of Hoop Tension Propertiss-Hearing Materials
Flexure Test Results - Control and Irradiated

Statistical Significance of GTR-20A Flexure Test Data

Ueight Change, PBI-S-Cluss Retainer, S/N 1

Weight Change, PBI-Graphite Roller Recainer S/N 880008

Weight Change, PBI-Craphite Koller Retainer 5/8 880009

Weight Chaoge, Three Experimental Retainers (Build-ip 31)
Weight Change, Two Experimental Bearing Retainsrs {(Build-Up 32)

Summary of Welght Loss Record of PBI-Graphite Roller Retainer
5/% 880009 (Bearing S/N 1110}

Weight Change, Two Experimental Becring Retainers (Build-Up 33)

FIGURES

AGC Drawing 1134747 ~ Ball-Bearing Retainer
AGC Drawing 1118584 ~ Ball-Bearing Retainex
AGC Drawing 1134704 - Bearing Retainer

Effect of Gauma Radistion on Flemure Strength of 1%
Fetsiner Materials {(Average of Three Except Where
Hoted)

Effect of Fast-Neutvon Fluence on Flexurs Strength
of Graphite Bearing-Retsiner Materials (Average of
Three)

Effect of Fast-Reutron Fluence on Flexural Medulus 15
of Graphite Bearing-Retainer Materials (Average of
Three)

Effect of Gamsa Bsdiation on Flexure Mpdulus of Bearing- 15
Retainer Materials (Aversge of Three Except Where
Roted)

Postirradistion, Pretest Appearance of Glass~ 19
Keinforced FB1 Retsiner

Posttest Appearsnce of FEI-Glass Retainer in its 19
Bearing With Portion of loner Race Removed Showing
Excellent Condition of Components Afrer 3-hr

Testing

Posttest Appearance of PBI-Glass Retsiner Aftey
2-br Testing Showing Lack of Wear on 0D and Good
Condition of Ball Pockets

Appe&krance of PBI-Glass Retainer f-hr Testing with
Conditions Essantially Unchanged From Those Shown
in Figure 10

Appearance of Ball Pocket After &-hr Testing Showing
Barely Vigible Evidence of Wesr on 1D Edge

Appearance of Fatigue Cracks in Thrust Side of Outer
Kuce Track After S-hr Testing

Appesrance of PRI-Graphite Roller Retainer After
1.8-hr Operarion

Poattant Appearsuce of PBI-Graphite Roller-Retainer
After f~hr Oparation

Posttest Appearance of Roller-Bearing Componsnts
After $-hy Operstion

Page
3
4
5




FICURES {comr.}

Postiest Appearance of PBI-Craphite Roller-Bearing
Retainer S/X 880009 After 7 hr, 40 min Operation

Fosttest Appearance of Roller-Bearing Components,
including PBI-Craphite Retainer After 7 hr, 40 min
Operation

Appearance of Thrust-Beariog Components, Including
Irradisted PRI-Glass Retainer S/N 880027, After
1.7% br Operation

Frosted Surface Condition of Balls Caused by Abrasive
Glass Debris From Betainer

Posttest Appearance of Irradiated PBI-Glass Ball-
Betaioer After 7.75 hr Testing, Showing Outer-Surface
Bear and Ball-Pocket Scars

Fosttest Appearsmce of Irradisted PBI-Class Ball~
Retainer After 7.75 hr Testing, Showing Inmer-
Suriace and Ball-Pocket Scars

Postrest Appearsnce of Loader Roller-Bearing, Including
Experimental PS1-Graphite Retainer After More Than 15 hr
Tenting

Pomttest Appearance of Loader Roller-Bearing Roller,
Upstresm Ead, Showing Absence of End Wear

Postrest Appearance of Load Boller-Bearing Roller,
Dovastream End, Showing Absence of End Wear

Posttest Appearance of Loader Roller-Bearing Roller,
Side View, Showing Absence of Wear and Heat Fffects

Posttest Appearasce of PBI-Graphite Loader Rollsr~
Beariog Retainer Showing Light Pocket-Wear Scars

Posttest Appearmnce of Notor Reller-Bearing Components,
Showing Roller End Wear frow Reduced-Coolant-Flov-Rate
Experiments

Side View of End Wear Sustained by Motor Boller-Bearing
Boller, Downstream FYace

Appearance of Motor-Roller End-Wear Surface Showing
Effects of Cold Welding and Tearing on Downstreas
Roller Yace

FIGURFS (cont.)

Less~Bevere End-MWear Appearance of Motor Roller-
Bearing Roller Upstream Face

Posttest Appesrance of Experimental FBRI-Graphite Motor
Foller-Retainer 5/N BBOO0B with More Than 13.5 hre of
Accumulated Testing, Showing Cenerally Satisfactory
Condition and Light Pockst Scers

Posttest Appearance of Experivental PBI-Graphire
Motor-Roller Retainer 5/F cU0008, Shoving Inner-
Surface and Pocket “.ar.

Prevest Appearance of Irradisted PBI-Glass Ball
Retainer 5/N BBOUZE Outside Surface

Pretest Appearsnce of Irradiated PRI-Glass Ball
Retsiner 5/N BBOO2B, Inside Surface (Note Porous
Nature of Laminate)

Fretest Appearance of Irvadiated PRI-Glass Ball
Retainer S/N 880028, Afrer Application of aasg.
Cutside Surface

Pretest Appearance of Irradiated PBRI-Class Ball
Retainer §/N BBOO28, After Application of MoS,,
Ingide Surface

Postteast Apvearance of Thrust-Bearing Components,
Including Satisfactory Condition of Irradiated
FRI-Glass Retainer 5/N BBOOIB

Posttest Appearance of Irrvsdiated PRI-GClass Ball
Retainer, Showinp Inside Surface and 3all-Pocket
Scars

Posttest Appearvance of Irradiated PRI-Class Ball
Retainer Showing Dutside Surface and Rall-Pocket
Scars

Satisfactory Postrest Appearance of loader Roller-
Bearing Components

Posttest Appearance of Upstream Face of Loader
Roller-Bearing Reller

Posttest Appearance of Downstreasm Face of Loader
Roller-Bearing Roller

Excellent Appearance of Loader Roller-Bearing
Retainer 5/N HBOOO9 After More Than 23 hr of
Testing, Dutside Surface




FIGURES {eont .

Postrest Appearance of Inside Surface of loader
Roller-Bearins Retalner After Testing

Pretest Appearance of Irradiared Pl-Glass Ba. !
Retainer 5/5 #8001

Pretest Appearance of Experimental PBI-Glass
Roller-Bearing Retalney 5/5 BBOUOS

Prerest Eod View of PRI-GClass Reller~Retainer, Showing
Type and Bistribution of Poresity

Appearance of lrradisted Pl~Llass Ball Retainer
BN RROODY After Todrial 17463 sec Test (Neo
Evidence of Degradation or Incipient Failure
Was Noved)

Satislactory Appearance of Ball-Bearing Cowptnents
After First Test bhegment

Satistactory Appearance of Expesrimental Roller
Retainer 5/ BROLOS After First Test Segment

Sarisfactory Appearance of Loader Roller-Bearing
Components, luocluding Experimental FBI/Class
Retainer, After First Test Beghent

Fosttest Appearance of Motor Roller-Bearing Rellers
Showing Effects of Extreme End-Wear amd Bearing
Fatlure, Upstream Faces

Posttest Appedrance of Notor Reller-Bearing Roller
Downstrean Faces

Posttest Xppearance of Motor Roller-Bearing Components
Inciuding Destroved PRI~Craphite Retainer S/8 880008

Posttest Appearance of PBI-Uraphite Roller Retainer
SN BROUDR, Destroved by Extreme Fed~Wear and
#oller Skewing

Posttest {Second Sepment) Appeatance of Moter Rollers
Hearing Components Showing Heavy End-Wear on Roller
Doamstrean Faces {Left Slded

Posttest {Second Segment! Appearance of Loader Roller-
bearing Componeats Incloding Expevimental PRI-Class
Retainer 578 B8OIODs

Postrest {Second Sepment) Appearvance of Loader Roller-
Bearing Roller PrdeWear, Tndivative of abnormally Low
Coolant Flow-Kate Durlng Testing

Satisfactory Appearance of Loader Roller-Bearing Retailoer
SN BBODOS After Second Test Segment

Satisfactory Appearance of Ball-Bearing Lomponeats,
Ineluding lrradiated Pl-Glass Ball Retainer 5/8 880003,
After Second Test Segment

Postrest {(Second Segment] Appearance of lrradiated Pi/
Glass Ball Retainer S/N 880003 Showing Very-Light
Burnishing on Outer Diameter and Light Pocket Scars

Postrest {(Third Segment) Appearance of Motor Eoller-
Beariup Components With No Evidence of End-Wear or
fthey Damage

Fosttest Appearance of Loader Roller Bearing Showing
Satisfactory Condition of ALl Components

Posttest Appearance of Irradiated P1-Class Ball-Bearing
Retainer S/N BBODBO3 Showing Nature of Fallure
{Belamination of Ball Separator}

Posttest Appearance of Trvadiated Pl-Glass Ball-
Bearing Retainer 5/N BEOUOZ Showing Une Delaminsisd
Ared and Adjacent Separator Section About to Fail

Posttest Appearance of Ball-Bearing Lompunents
Including Irradiated PI-Glass Ball Retainer
/N BB0O003 With Ball Separator Sections Which
Failed Duripg Testing




INTRODUCTION

The selected SNERVA rurbopump concept incorporates liguide-hydrogen~cooled
rolling element bearings as a means of shafr support., The possible bearing
arrangements inciude roller bearings for radial load and ball beavings for
axial load, or tandem ball bearings in a combined radial-axial application.
Reliability estimates indicated that bearings contribute significantly to the
turbopump failure rate. OFf the bearing fallure wodes, retainer wear or rupture
showed high probability of fallure, Wear and rupture are cbviously affected
by the retainer material characteristic wmder the applicable environment of
temperature, fluid, vonlunt flow-rate, rvubbing velocity, vetalner loads, radia~

tion dose, and duration,

Development of bearings to adeguate reliability levels imuier the intended
environment was 2 part of the turbopump development program. DGamma radistion
dose, in particular, resulted in retainer radiation~resistance requirements
bevond the capablility of state-of~the-art bearing technology. Current hydrogen-
coaled bearings emplov retainers sachined from a laminated tube of Armalon (a
fiberglass-reinforced Teflon cloth), This material exhibits & degradation of
mechanical properties at the doses predicted for NERVA,

To acquire early performance~data applicable to future NERVA bearing
size and comfligeration, a program was conducted using existing test equipment
and bearings with the basic bearings incorporating new retainers fabricated
from candidate radiation~resistant wmaterials. Although the confliguration of
the test sguipment limited testing to less-than-expected NERVA speed and DN
values, the data are considered applicable to the selection of preferred
materials with which to initiate NERVA turbopump bearing development.

The period covering calendar yeat 1968 and extending through the first
half of 1969 was devoted to twe major activities. The Flrst was refinement of
the 50~mm thrust~beaving retalner design to meet some of the apparent reiainer
operating problems noted and reported earlier (see Reference 1. This effore
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culminated in 3 slightly thicker part (with tapered sides to aveid restriction

of coolant flow} as shown in Figure 1. Procurement of test pares was made o

the requirements of Aerojet-General Drawing 1134747, Previcus parts had beeg
fabricated 1o the rectangular cross-section shown in Figure 2 {Aerojpt-General
Drawing 1118584).  The rollecr-bearing retainer configuration shown in Figure 3
{Aeroiet-General Draving 1134704) was unchanged from previously used
configurations.

The second major activity consisted of testing both irradiated and
unirradiated retainers to establish capability of the new configuratioy-and
experimental material cosbination,

The test results show that the PBl-glass material is suitable for use
in the RERVA turbopump environment. Exceptionally good test results were also
obtained with graphite-fabric-reinforced PBI. No furthe. developmental testing
of these satevials in this configuration appears necessary.

Figure 1 = AGC Drawing 1134747 - Ball-Bearing Retainer
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ix. CONCLUSTONS

1. Reinforceo polvmers of the PBL type ave capable of operating satis-
factorily in the requived propellant-temperature~irradiation environment
envisioned for the NERVA tucbopump,

p Savisfactory irradiation resistance vas demonstrated by beth the
reiaforced PRI and the Pl materials,

Ao o Promisiug results were demonstrated for graphite-fabric-reinforced
polymers, in accovdance with the low liguid hydrogen wear rate previously
desonstrated with thess naterials,

111.  RECOMMENDATIONS

1. Additional bearing testing Is vequired to establish the relishbility
growth of the reinforced PRI and Pl materials systess and to improve confidence
in their use for DY operation to 1.8 million,

Correlation of test performance and retainer gquality is required.

3. Evaluation of graphite~reinforced polvmers with and without Molvkote

solid-Iila lubricant mav slininate dependence upon 51052.@

TECHNICAL DISCUSSION
&, MECHANICAL PROPERTIES
1. Hoop Test Results (CIR-20A)

Test hoops ordered with each procurement of experimentsl
50-mm bearing retainers werc tested both before and after irvadiation. For
such reiaforced polymer materisls as PI and PRI, gamma dose levels to 4.2z
m“‘ ergs/gm (C) were experienced, slightly higher than the highest dose
ifevel to which materials of this class had been exposed in previous tests
3.2 % wn erga/gm (L) in GTR-19: see Reference 2). Graphite-reinforced
polymers and such graphite products as ACCarb-101 and Carbitex were exposed
to fast-reutron Flux levels to 2.9 x 161? afce?. These test items, as well
as S0-we bearing retainers, wear, and flexure specimens were irradiated in
liquid nitrogen and subsequently tested at room temperature. Results of
irradiated hoop-tension tests are shown in Table 1. With only a single
exception, the irradiation level on the average, had 2 slight streagthening
effect.  However, insufficient dats exist Lo determine if vhserwed changes
were significant. PBI-glass, fabricated by San Rafael Plastice Company {swr),
was the only material which exhibited lower styeogth after irradiation #s a
result of one of two hoops failing at a hoop stress of 41.2 ksi, the other
at 61,0 ksi. TIn the absence of more data, the post-irradiated hoop streagth
may be attributable to normal wariance in properties with cosposite materials
of this type,

i Fiexure Test Results (CTR-20A)

Irradiated bearing<retainer materials results arz shown ln
Table 2. The data show the polymers PI and PBI to be spproaching a region of

significant irradiation strengthening, when exposed to gamma dose levels in

i1

axcess of 1077 ergs/yn (£}, beyond which degradation might be sxpected.
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As shown in Flgures & and 5, degradation was not observed in OTR-204 and the
dasage threshold appears to be at an unreslistically high dose; compared with
hoearing~retainer dose lovely eapocted gt the NERVA turbopump.

Anoanopaly was observed dn tests of plass-reinforced L.
Because of excessive specinen thilvkness, this materisl fatled in a mixed
tensloneshear sode during control tests, atialalng an average strength of

aporoximately 3 ksil

frrmiiation spparently strenpthened the reinforcement
sufficiently to cause fallure at the fiber-matrix bond in horizontal shear &t a
characteristically lower sbtress of approximately 25 ksl This failure pode
resulted in the absence of outer fiher breaks and was manifested by delamination
in the neutral axis area and buckling at the Compression side of the specimens,

Imowdes of the upward Tlesural strength trend in both the pure Pl and graphite~

reinforced PL G shown in Fieure 43, the observed trend in glass-reinforved
Plowaw pot ateributed to irradiation degradation

Horthowraphite materialay Carbitex and AGCarb-101, exhibited
strespethening, as wounld be expected o these relatively love-neutron dose

Pewets tavw Vleures woand o),

snalveis of the data presented o Table 2 resultsd in caleulss
tions of sedns awd variances, where possible, and comparisons of control amd
ireadiuted nropertivs Lo detersine winther observed differences wore stutis~
theally linifioanty Borh b and ¥ teats were perforsed to determine the
signifivasce ol diiforunies at the Y2050 cont bdence level, o As shoun (o Table 3,
B

st o di b ferenoes oherved and dndicated o Flgures & threough ¥ were not

statistivally gentitoante Eaveptloms were as follows:

Flesare strength iserease of pure PBL at the high v

dase Levals

P Flexure strespth and sodulus
high v dose level.

3. Flexure strenpth and modulus
&t the high fast=neutron dose lovels,

i{ncreases of pure Pl ar the

increases of Carbitex 113
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B,  SUBSCALE RETAINER TESTS (50 wm)

Objective

This part was retested as a result of the succesaful
3<hr tast described in Reference 2. The test objective was Lo test for & he
or to failure.

b.  Procurement and Fabrication

The procurement and fabrication details are outlined in
Appendix A. In general, the parts were made by mandrel weapping and impregos
tion of resin, followed by elevated tempersture curing. The large smount of
volatiles expelled by the resip durlag cure geoerally resuited io & porovs
product containing up to I5% voids, by volume. The configuration of the final-
sachined part was identical to Armalon retainers successfully used in the

technology program.  The parts nominally had 8 J-in. OB, and were 0.09-in,
thick, 0.68-in. wide and contaioed 12 equally spaced 0.5 in. ~dismeter bal)
pockets.

£, Test Results

Two parte were testad. The results of the firat test
with §/N 2 is described in Reference 2. The second part, §/N 1, was frradisted
prior to testing and the result of the first 3-hr test also 1s descridbed in
Keterunce 7 and sumwarized below.




The part was irradiated in liguid nitrogen to a total

gamma dose of 5.9 x 1010 ergsiam {C) and 8 fast-neutron dose of 1.13 = iﬁl? nve

{E » L wev). The gamua dose level represented a substantial excess over the
level expected during actual service in the NERVA engine.  An additional
increment of conservalism was imparted to the subsequent test resulls because
gamma-dose absorption aasd mechanical degradation are expected in actusl service

to oecur in paralisl rather than in series, as orcurred in this test.

Prior to placement in the rest bearing, the part was
cleaned in methanol and wiped to remove excess radivective contamination.
Subsequent handling was performed under closely controlled conditions.  The
appearance of the part following irradiation but prior to testing is shown in
Figure 8,

The part was lubricated with brush and spray spplications
of Molvkote 321 and placed in a new ball bearing. Testing was conducted at
24,000 vpm with a 1200-1b axial load. Liguid-hydrogen flov rate was approxi-
mately 20 to 30 com at a pressure of 205 psig.

The tester ran smoothly at amperages varying from 30 ro 4D,
As the test progressed, amperage declined to the 28 to 3 range. After operating
satisfactoriiy for 3 hr, the test vas terminated. Disassenbly of the tester
revealed that bearing components were in excellent condition {see Figures 9 and
10}, Having successfully endured the sinimum J-hr testing duration required to
qualify the material, 8 second J-hr test was scheduled in an attempt to establish
time for fallure.

Although the bearing vas disasssesbled to facilitate
inspection, weighing, and photography, no additional lubricant was added,
Pretest preparation of the bearing components consisted of removal of divt and

contaminants by hlowing with compressed paseous nitrogen.

Figure B -~ Postirradiation, Pretest Appeavance of Glass-Reinforced PRI
Retainer

Figure ¥ ~ Posttest Appearance of FBl-Glass Retainer in its Besring With
Fortion of Inner Race Removed Showing Excellent Condition of
Components After J-hr Testing

Figure 10 - Posttrest Appearance of PBI-Glass Retainer After J-hr Testing
Showing Lack of Wear on OD and Good Condition of Ball Pockets
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The second test was congducted with the same parameters
as the first. However, the speed during test was 26,400 rpm instead of the
required 24,000 rpm*.  Ligquid-hydrogen flow rate, pressure, and axlal losd,

however, renained the sane.

The tester ran smoothly at amperages varving from 35 te
45 for the scheduled 3 hr. Disassembly of the tester again revealed that the
retainer was in excellent coandition {see Figures 1l and 123,

Evidence of insignificant vesr was provided by the
retainer weight changes listed in Table 4. The weight incresse following
the last test was difficult ro explain; however, s close examination of besr-
ing components revealed extremely fine, embedded metal particles in the
retainer material. The source of these particles was, ifo all likelibood, the
edges of the outer race rracks, shown in Figure 13, These cracks, assumed to
be caused by facigue, extended arvound the entire thrust side of the ocuter

race.  The total test tiee of & hr complies with the 3;9 1ife of cthis bearing

when loaded to 1200 1Ib and runming in oll, supporting the hypothetical equiva
{ence between pil-lubricated bearings running in air and nonlubricated bearings
rumring in liguild bhydrogen.

TABLE &

WELGHT CHANGE, PBI-5-GLASS BETAILNER, 8/8 1

Londition Weight, gu Change , ¥m Cause
A Received &, 2205 “ -

Postirradiated & 2168 ~0.0127 Technigues and
Ralance Differences

Post Rum oo 1 43 by &.3057 +0. 0889 Wt. of Molvkots
Post Ran So. 2 18 hrp 6, 3917 + 0860 Metal Debris

1t was Sisvovered during posttest calibration that a Brown recorder had
salfunctioned prior to the tost,

L

Figure 11 « Appearance of Pll-Class Retalner bohy Testing with Conditions
Essentially Unchanged From Those Shown in Figure 10

Figure 12 = Appearance of Ball Pocker After 6-hr Testing Showing Barely
Visible Evidence of Wear on ID Edge

B

B i ata o

Figure 13 - Appearamce of Fatigue Cracks in Thrust Side of Outer Race
Track Afrer 6-hr Testing
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2. Test of PBI-Craphite Roller-Bearing Retainer, P/N 1136704-4,
S/N BBOOOS

& Ohijective

The PBI-graphive-fabric composite was developed as 3
hackup material for the turbopump bearing retainer. It was introduced in response
to several early tests of parts with $S-glass reinforcesent which were noted to
generate excessive amounts of abrasive glass particles. The lower strength of
the graphite fabric, as comparsd with S-glass, was offset by itz better lubricity,
thermal conductivity, and satisfactory liguid-hydrogen wear rate {(see Reference 1),

b. Procorement and Fabrication

The fabrication procedure, as repovted by the vendor, was

as follows:

The waterial used for the part was Uniou Carbide WCA
graphite fabric-impregnated with Toidite 4816 resin purchased as a prepreg from
the Whittaker Corporation.

Strips, S-in. wide and 120-in. long, were cut and wrapped
o a released sundrel dn & wrap lathe to g diameter of 3.3 in. under 3-1b

tension and 230-1b force on @ J-in, diameter eviindrical steel roller.

The cylinder thus produced was cured at temperatures to
IOTF followed by final sachining, using single-point carbide and diasmond deills.

The final conlbipuration was identical to the Armalon
rolivr retainers successfully used in the technology progvam (see Figure 3.
1t generally consisted of a 3~in. 0D .ylinder approximately D.73-in. wide and
8,16 in. thick coptalning 16 equally spaced 0.48-in. by 0.40-in rectangular
toller pockets,

. Test Besulis

Prior to placement in the test bearing, the retsiner
was coated with brush and sprayv applications of Folvkote 3210 Testing was
conducted at 24,000 rpo with 8 2,300-1b radial load,  The liquid-hydrogen flow
rate was approximately 20 to 30 gpm a3t & pressure of 205 psig:

FYollowing approximately 1.5 hr of swmooth operation,
perturbations in tester motor amperage were noted.  No other abnorsalities in the
recorded parameters were noted with the exception of higher-tham-usual gassous
hydrogen vent pressure, The test was snded after 1.8 hr, because of o fire,
caused by shorting of tester motor terminals.

Subsequent examination of tester components indicated
that the short was caused by roller-end wear debris from the motor roller-
bearing, downstrean from the beaving containing the experipental retainer.

The heavy end-wear was associated with inadequate coolant flow caused by liquid-

hedrogen leakage inte the vent cavity, which, in Turn, résulted in the abnorsally
high vent pressure noted sbove. The experismental retainer was in good condition
{see Figure 14},

After the fester potor and solor roller-bearing were
replaced, the loader roller bearing vas reinstalled withovt additional applica~

tion of lubricant.

I the second test phase, the tester wis operated

successfully for 2.2 hroat the same oporatipg parameters used during the first

phase. Although vent pressure was sgain higher than normal, it apparently

was not caused by liguld-hyvdrogen leakape but, rvather, bv gasesus-hyvdrupen
leakage as imdicated by higher-than-normal cascade pressure consumption.
Following the test all corponents wers again inspected. No end weary was noted
o the potor rodler-bearing rollers and the experisental P8I graphife retainer
was in good condition:




A Final test phase was needed to complete the targetsd
B-lir run duration. The same bearings were operated aw in the second phase of
the test and parameters were unchanged. Again, as for the second Dest phasey

o additional lubricant was applisd to the test vetainer.

The final test phase was satisfactorily cvompleted alter
2 hr with the experimental PBI-gpraphite retalner sustaining 2 total duration
of 6 iy, The vetainer and rolling clewments completed the test in good condition
with the onlv visual ovidence of testing being a normal ameunt of discoloration
in the rolling contact zones of both the inner and outer bearing races.
Appearance of the retatner and rolling elements is shown in Figures 15 and 16,
vespocrively, Weight change of the experimental retainer, recorded after each
of the three test phases, indicated negligible, if any, retainer wear {see

Table 5.

Yisual and nondestyuctive, fluorescent penetlrant inspec-

tion of the {nner and cuter beaving vaces failed to reveal any evidence af

fatipgue cracking or other form of degradation.

TABLE 5
WEIGHT CHARGE, PBI-CRAPHITE BOLLER RETAINER

/8 BRUOGE

L. 8«hye Operation

Change, ¢n

Condition Weight | am
Frotest 105043
Pastrest

Phaso 1 o382
3247 LU0 Seglipible
~ArAHIRY spglizibie

S BN Logs of molvkote

b
£}
]

el

=
e
3
=
o
®
Fa
5
=
(¥
o
ok

o
2

=
3
W

4

o
[
6

9

i

o

e

G
Ead
]
w
8
k]
3
B
o

=0

¥

s

-
()
I
a2
=

g

8

Phase 11
Phase 111 103158




so13viedn 3u-g
aga3y siveucduoy Furiweg.a81104 30 RaueamNddy deeiiscy - a1 Ban¥i

«S . aa.

uotavando dy-y INIgY
ABUTRIBR-ABTION PITUIRAN-TEL 10 souwawaddy I¥Riiens -~ ¢Y pandyy




3. Test of PRL-Craphite Boller-Bearing Retainer, P/N 1134704-4,
8/8 BBODOY

e Db iective

The second {u a series of roller-bearing retainer tests
was performed on the companion part to roller retainer §/8 S80008. The bearing
tester contained Armalon ball-bearing and motor roller-bearing retainers and
the 5/% BAOOOY Phi-graphite loader roller-bearing retainer.

To expedite the testing and to reduce costs, it was planned
to proceed to the b-hr test limit, or to failure, without intervening tester
disassesbly and component inspection. Consequently, this second, sxperisental
roller-bearing retainer was tested for 7 hr and 40 min with only one tester
build-up and required only two russ.

b Procuresment and Fabrication

The procuresent and fabrication history of this par:
was identical to that described earlier for S/8 880008,

Test Hesults

Prior to placement in the test bearing, the retainer was
cleaned by removing wmachining debris and loose material with a trichloroethylene-
dampensd cloth.  The retainer was voated wirh brush and spray applications of
Molvkete 321 scolid-film jubricant.

The test was conducted ar 25,000 rpm, following a J-min
run-in at 12,000 rpu. The roller bearing containing the test reilaliner wvas
radially inaded to 2,300 1b. Liguide-bvdrogen flow rate was maintained at

20 to 30 zpmoat a pressure of 205 psig. The tester ran smoothly at these

conditions for 3 hr and 53 min st which time paseous-hydrogen pressure needed
for loader sctuation was exhausted aod the test terminated.

Following replenishment of liguid-hvdrogeu end gaseous~
hydrogen actustion pressure, the test vas resumed, without an intecrvesing
disasseshly. Again, tester operation was smooth and uneventiul with motor
amperage recorded at 26 to 29 amp. Good perforsance of carbon seal prevented
a high gasecus-hydrogen loss rate nd enabled the accumulation of an additional
13,600 sec of testing. Pressure, load, flovw-ra.e, amd tesperalture paraneters
were normal and sisilar ro those chserved in the previous tun. The test was
discontinuved after 7 br and 40 wmin of testing.

Upon disassembly of the tester, all bearing composents
were found to be in satisfactory condition. The only evidence of wesr on the
experimental retainer was burnisbed areas on the retaiver 0D and in the yoller
pockets {see Figure 17). Retainer weight, measured before and after teatiog,
indicated only a small weight change attributable to & loss of Nolyvkote
{see Table &), The rollers and races were characrerizstically discoloved from
heat geperated in the contact area, but cracking or roller end-wear was not

noted (see Figure 18). The 7 b # 40 wmin tun caused some Atwalon pockst wear

in both the motor roller and theust-bearing retainers, however.

Posttest vradiographic inspection of the 5/X 880009
retainer, as well as the retainer tested previously {§/8 S80008), revealed
no visible signs of degradation (s.g., delaninations or cricks) . Therefors,
both parts were scheduled for further testing in an atiespd 10 establish

material endurance limits.
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TABLE &

WEIGHT CHARGE, PBI-CRAPHITE ROLLER RETAINER S/K BSOOOS

Londition Weight, gm Change ., 3o
Pretest 9.8637 = -

Afrer Application 10,1685 +). 3028 b
of Molvkote

Posrtest 100408 =0, 1256 Loss of
Holvkote

(41.5%% of lubricant was

transferred or lost}

ROTE:  Boller weight loss varied
from 0.1 to 1.4 mg.

Iest of a PRI-Class Thrust-Bearing Retainey irrvadiasted to
4.8 x 1010 evge/pm (C) in LNy (CTR-20A), P/N 1134747-58,

S/N BBOO27

& Uhiective

This test was the first to urilize an improved thrust-
hearing rerailner design, P/N 1134747, (see Figure {J. This configuration was
oecessitated by several probless noted in tests of the earlier sonfiguration,
BINCLLISGBS (see Figure 25 wherein it was poted that Ball-retainer contact
was Copcsatraled at the retaloer ID vesulting 1o both point and live loading
and excessive wear. Teasurement of reinforced Pl oand PBI thermal expansion
indicated that these materials had greatly reduced coefficients of *nermal
expansion in the ~423°F to roon temperalure range, as compared with those of
the reinforced flusrocarbon naterials which served as models for the
FIN 1118580 configuration.  Conseguently, the new configuration had a swmaller
10 12.6%% as compared with 2.875-10 ), snabling positive ball-tu-retainer~
pucker contact and, theoretizally, preventing the bhigh rate of edge wear noted
earlier,

In sddition to its improved design, the test rotainer was
one of two parts which had been irradiated in liguid nitrogen 1o @& total
gasme dose of 4.8 x ;em exrgs/ge (C).

b, Procurement snd Fabrication

The test vetainer was dabvicated te the requirementr of
Drawing P/N 1134747-58 and serialized S/N 880027, 1t was one of six parts
fabricated by sandrel-wrapping & FBl-impregnated S-glass fabric prepreg, folloved
by a gradually incrassing elevated-tewpersture cuvring cycle.  The resultant
cylindrical pieces wers sachined to the required configuration, inspected. and
radiographically exsmined for wrinkleu or kinks in the glass-fabric reinforcement.
Four hoop-tension fest specimsns vers machined and delivered in addition to
the six retainers. Results of the boop-tension tests, velumetyic analvses, and
detailed fabricetion seguence sre shown in Appendix B. Esd.ographic inspection
indicated the reraioer: to be in good condition with no svidence of delawminations
or cracking noted.

€. Test Flan

Four of the six parts of the type used in this test wers
first submitted to irradistion in the Ceneral Dyuamics/¥Ft. Worth GTR reactor.
Retainers S/N 880027 and 880028 were frradiated to 4.8 x 10°° ergs/gn (L) in
ligquid nitrogen and subsequently teturned to Aerojet-General. S/N BBODIT was
rendowly gelected for bearing testing and, following removal of sxcess dust
and loose material, was lubricated by brush applications of Molvkote 121. The
two PRl-graphite ruller besring retainers discussed sbove were used for roller-
beariog separators in this test as a means of accusulating addirional opersting
time with these psrts. However, additional lubricast was not apglisd prior
to testing  PBl-graphire rolier retainer S/N 880008 was placed in the roller
bearing dowmstreas of the ball beaving (motor voller). PBI-graphite roller




retalaey 5/8 B80009 was placed in the roller beariog upstress of the ball desring

{loader roller)y. The motor roller-bearing, in additlon to utilizing an

experimental retalner with an avcoumuleted operating time of & Ly, was instrumented

with micro-thermocoupies o record heat geoerated st the outer-tage roliur
gulde becguse of roller sndewear {vee Filouwre 280, 1t was plasned to reduce
iquid-bydrogen Tlow rate from 25 gpe to deternine the lower-tareshold {low
rate requived (o cause voller end wear.

. Test Hesults

The test wan performed at the same paraserers as used
previcusly, After the tester wou started, spesd was sdiusted to 12,000 rpm
and held for & 3omin run-in period. At the sad of this perfod, axial and
radial loads were adiusted to 1,300 and 7,300 1h., respectively. Following
beaving-load application, speed van brought to 24,000 rpm and the time count
started.  Liguld-hydrogen flow rate was heid in the 20 to 30 gpm range and

pressure gt 205 pal.

1o, the first test sepment, the tester was operated for
1 hr and &% ming Barller-than-usual shutdown was necessitated by excessive loss
of paseous-hydrogen aotustion pressure past improperiy functioning carbon secls.
However, [ust prior to shutdown, the Tlow rate was gradually redused to detarmime
the elfect of lover prossure~drop soross the beaving on voller endwisar.  An
snalveis of the sifect of filow rate oo bearing temperatures and and wear is
bevond the scope of thils feport, Hovwever, 11 may be stated that slight hear
e¥fecty were indicated by the fostrwwntation when the flow rate vas reduced
o 30 wnd 1% ger o and viclent thermal effects ot o Yiow rate of 1D gos wers
recorded.  The resulis o these tests were also indlecated by & permanent
Increase in motor current fron 18 to the &0 to 47 awg range following the

flowspate testy,

The second tesl segment was performed after sctuation
pressure and Liguildehvdyogen coolant had been replentisheds The tester operatad

uneventiully for 1 Nr and 21 wmin, increasing the accumulated tesl tim to 5 W
and 4 min. Pvidence of permanest bearing damage was vellected dw highey
motor current of % to 55 amp, observed throughout the second test segment.
The sctuation-pressure leakage rate was erratic but reduoed, aceounting for
the longey rTun time,

The thi-} test seppent, apain performed alter ceplenishment
of actustion-ges pressure and coolant but withoul intervening Lester «issssenbly,
was nesded to complete the minisum targel rtun tie of & by, The tester
sperated more smorthly than during the second test segment, as indiceted by
reduced motor current of 41 to 47 amp. A reduced sstustion-pressure luakae
rate snabled the sscumulation of an additionsl I hr and 39 min of testing,
However; prior to test termination, anothor flow-rate-sfifect wxperinent was
made with flow reduced to S5 gom. Following very viclent heating @ dications
fram the motor-roller-bearing thermocoupled, motor current increased to the
YRi11Y level of 100 amp and the test was sanded. Total run times on the
three sxperimental Searing retalners wers:

L, PBI-gplass irradiated ball retalnmer B/5 880027 -
7 hr, 45 min.

2. PBl-praphite roller retainer S/N BBODOY, lowder
valler = 18 be. 27 min

3. PL1 graphizs roller retainer, 57N S80G0B, motor
roller = 13 hey A48 min

Posttest Inspestion
{17 Thrust Bearing, 878 8632
The comdition of the components of this bearing,

inciuding the 578 BBOUZ7 irradiated ball retatner, ls shown In Figure 19,
Although generally {n good condition, the rellisg elesents of the bearing




Figure 1% » Avpearvance of Thrust-Bearing Components, Inciuding Irradiated
PRI-Glass Betalner §/5 BBO027, After 7.75% hr Uppration

18

{i.6., the balis, the outer Tace, and the loaded balf of the laner race)
tiag lost thelr pretest Fintsh end had o finely frosted surface wrdition
{swE Flgure 20} Closer examination rovealed small dents and gouges in
severdd balls and in the outer race track. The ceuse of the surface
dusradation {i.e.. sbrasive delris from the ball retainer) was evident from
Gxamination of the retsiner, Ax snown in Flgures 21 and 20, each ball
pocket contained wear scurs at both driven and trailing walls, resulting

in the peneration ol considerable debris. Table T whows that a toral of
more than 0,69 gm of material (solld lubricent and retainer material) vas

Post during the tast,

TABLE 7

SETGHT CHANGE, THRED DSPLRIMENTAL BEARING BETAINERS (MULLb-UP 31}

Part besoripiion Londition Weight, gm {hange, gm Cause

oo hall Betalner Proteut PER5L - -
SNOHROLET

Mrer Application 1508 HILA524% Mol
ol Hulvkote

Posttest 13809 06957 Loss of Mob
plux wear

2

2

Buller Retalner Pretest 3158 -
S RROnUR
(Moror Boller Ponttest o1l

Bearivy)

Balley Retainer Fratest 1. 0404

RonRRODGY

{Loader holier  Tosttest .09 +0.,0383 Carbon seal
Buaringy debris plok-wy

Wear scars extended across the entire thicknuss
©fothe part, resniting in large contact sress and probebly considerable hwat
Reneratlion, Sipce neliber wear nov welght Ius was noted in the test of the
firat frradiates Pil-zlass ball-retuiney *&?iis‘ f1 was assumed that the

cause of both the wear and wear effects descflbed ahove were assoclsced




with the suurt, lower=thav-ususl flow rate which may have affected ball-pocket
heat transfer tharacteristivs, resulting in sxcessive debris formation,
Subseguent testing of a companion part (5/N BBOD28) shed more light oo the
tesults of thils test as further flow-rate expurimentation was oot plasned.

Figure 20 - Frosted Surface Condition of Balls Caused by Abrasive Glass A comparison was made between the retainer wear-
e rate {in terms of volume lost per unit of distance) and the PEI-glass
unfubricated, 8500 ft/min wear rate determined in the liguid hydrogen wear
tester (uee Reference 1)), Assuming that V.80 of the U.0% gm weight loss was

attributable to retainer wear (with the remainder being lost 8n$2§ the wear

rate per pocket was determined to heve been D.27 x iﬁ'? cofm. This compares

faverably with the experimentally determined wear rate of 1.88 x lﬁ'? coin

where the material is under an initial Hertz stress of 1,600 psi without

ﬁaiz jubrication.  Wear-test results given in Reference 1 are, therefore,
cunservative estimates of the waterial’s vear characteristics in liquid hydiogen.

{2} loader Roller Bearing. 5/% 1110

The loader voller bearing components were in

weutle - s 2y

Figure 11 = Posttest Appearance of Irradisted PEI-Class Ball-Rersiner After vxuwllont condition, considering the extensive test time {see Figure 11}
.75 by Testing, Showing Duter-Surface Vear and Sall-Pocket Since this bearing s the furthest upstrean in the vocling seguence, the

e towsred coolant flow-rate bad no eifect. The good condition of the rollers
twotepiided by U parts shown dn Figures 2% through Jn 0 The esperimental
PHEcpraphite retalner sustalned the test in excellent condition (see
Figure 7). 1ts appeatance revained essentially unchanged from lts first
Poihehy otestorun and oo wvldence of wear vas noted, as sbown by the vesults

i Table 0
{3) detor Reller Bearing, 5/8 1103

The motor rol ey Bearing s nore sensitive

Coovaaiant Plow o rale o the extent thal ity operating temneraturse

Figure Il - Pouttest Appearance of Irradiated PBI-Glass Ball-Retainer After
.73 hr Testing, Showing Inner~Surface and Ball-Pocket Scars

38




Figure 24 - Posttest Appasrance of Figure 25 ~ Fosttest Appearance of

Loader Bollisr-Bearing Load Roller-Beaving
Ruller, Downstress End,

Showing Absence of End
Wear

Rollax, Upstrasw End,
Showing Absence of End
Wear

Experimental PRI-Craphite Retainsr After More Than 15 hr

Testing
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Pouttesy Appearance of
PRi~Graphite Loader
Holler-Bearing Retainer
Showing Light Pocket-
Wear Scars

Figure 28 ~ Posttest Appearance of Figure 17 ~
Loader Roller~Bearing
Roller, Side View,
Showing Absence of Near
and Heat Effects




was adversely affected. Operating within the sotor armature and furthest from
the coolant inlet, the bearing operating-tesperature may be several degrees
higher than that of the loader roller bearing. Conseguently, reducing

coolant flow through this bearing had drastic effects upon its components,

35 the thermocouple fnstrumentation described above predicted.  The appearance
of the bearing components is shown In Figure 280 lnmedistely evident is

the end wear exhibited by wach roller on both ends:  the downstreas end,

for exanple, was worn by approximately 0,01 in.  {see Figures 29 and 39}

while upstrean (losder) end-wear was approximeraly 0.002 din. {(see Figure 313.
The roller ends, as well as the race lands sgainst which the rollers bear,
were chattered, exhibiting the extreme oifeuvts ol vold welding ond tearing.
The resulranl metal debris caused denting of both races and rollers and also
appeared to have resoved the normal blue laver of VeXN developed during the

test.  The roughened roller surfaces greatly affected the retainer operation

and accomnes for the sonewhat high weight loxy of 0.4 un o shown i Table 7.
1t should be recalled that during its initial &-Ur test run, the weight loss

af this retainer was neabicibde.

Sppearance of the experimental Fhl-graphite
retaingy du shown in Flgures 32 and 33, Indentations on the reteiner Ob
Caused By the ouler race support lauds are evident lp Fimers 3200 The wear

caused by oroller sideloads are evident a8 elliptical marks on the retainer

Showing Boller End Wear from feduced-Coolant~Flow Rate

Experiments

shde~rings {sew Figure 333, deavier-than~usual wear was manifested by
wear scars in the separatyr bars {see Pigure 1330 these arve hour-gless
shaped because of @ lack of line-to~line contsct with the roller. CGenerslly,

sibiretsiner devraderion was direst iy sttributab e to Hlow-rate-caused
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Figure 79 - Side View of End Wear Sustained by Motor Roller-Bearing
Roller, Downstreas Face

Figure 32 ~ Postiest Appearance of Experisental PBI-Graphite Motor Roller-
Retainer S/N 880008 with More Than 13.5 hr of Accumulsted Testing,
Showing Generally Satisfactory Condition and Light Pocket Scars

Figure 3 - Appearaoce of Motor- Figure 31 » Less-Severe End-Wear
Roller End-Wear Burface Appearance of Motor
Showing Eifects of Cold Roller~Bearing Rolierx
Welding and Tearing on Upstreanm Face
Dosmnstrean Roller Face

Figure 33 - Posttest Appearance of Experimental PBI-Graphite Motor-Holler
Betainer S/¥ BEODGS, Showing Ianer-Surface and Pocket Scars
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Test of a Second FBI-Glass Thrust-Bearing Retainer Ivradiated
to 4.8 x 1000 ergs/pm(C) in N3 (CIR-20A3, P/N 1134747-38,
§/% 880028

Ay Obiective

This test immediately followed testing of S/N 880027,
and was needed to verifv the successful operation of the new ball-retainer
design and to provide additional confidence in the iotegrity of irradiated
PEi-glass. To avold any test perrurbations which might influence the results,

flow-rate experiments were not planned.

b Prociarenent and Fabrication
Figure 3 - Pratest Appearance of Irradiated PRI-Glass Ball Retainer S/N BBUGZE,
Outside Surfsce
Tie teat retainer wes fabricated to the requirements
of Drawing P/S 1134747-98 (see Figure 1), and serislized S/8 BBOOIE.

Pesentially & twin to 570 8BOORY, it was machined from the same cylinder

and anderwent the saoe processing steps described above.

€ Test Plan

The part was irradisted in the Ceneral Dymamics/Ft. Worth
CTH reactor (OTR-204) by immersing it in a liguid-nifrogen dewsr and then
capesing thepart to fast neutrons and panms radiation. The total genms dose
wan tentatively reported 10 have been a8 ox i&ig ergsiun {01, Preparation for
testing consisted oaly of remeval of loose material and jubrication by brush

conf Moliwoere el fhe appearance of the fest part before and fol-

ot @ fourisn iy shows in Flgures 36 through 370 Une of the two
Faller Searines used dn this test (878 LU dncorporated graphite~reinforcad
PRl pelloteretainer 575 S800UY used dn thres eariler tests. This part was
Feinutaiied in the inader-volier location upstreas of the test bBall-bearine.

tubrivant was not added booosd the renainder of the teating applied Tor its

Figure 35 - Pretest Appearance of Irradiated PBI~Glass Bail Retainer S/5 BBOO2E,
firet rests The droamavpess poblersheartog e, the motar rollery contained Tnside Surface (Note Porous Naturs of Laminate)

e

Wolonwentinsal arsalon retuinery




ds Test Results

The rest of this part was conducted in three segnents
with no intervening dissssembly and with an objective of sccumulating at
Ieast six hr of test time. The test was performed at the same parameters as
usied previcusly. After the rester was started, speed was adijusted to 12,000 rpo
and held for 8 3 wmin run~in period. At the end of the run-in period, anial
#nd radial loads wers adjusced to 1,200 and 2,300 1b, vespectively. Following
bearing-load application, speed was brought to 24,000 rpm and the time count
starrted. The liguid-hydrogen flow rate was held in the 20 to 30 gpo &t 2
presgure of 205 psi.

Figure 36 ~ Pretest Appeavance of Irradisted PBi-Glass Ball Retainer 5/N 480024,
Afrer Application of Mod,, Ourside Surface

During the first test segment, the tester was operated
for 1 hr and 47 win.  Shutdown was necessitated by rapid use of bearing-isad
actuation gas pressure but the iustrumentation indicated a swooth run with
tester anperage fluctuating between 34 and 37 amp.

The second test segment was performed afrer actuation
prassure and liguid-hydrogen coolant had been replenished.  The tester
cperated uneventfully for 2 hr snd 30 min, increasing accumuleted test time
to 4 hr and 17 min.  The smoothness of the cest was reflected mainly by
the narrow motor-current range of 36 to 38 amp throughout the test segment.

The third test segment, again performed after replenishment
of actuation-ges pressure and coolant, was needed to complete the minisun
target run~time of & by. Testey ovperation was smoothey and quierer than
earlier fest segments with motor current remaining at the wery low 30 to 31
amp level. A reduced actustion-pressurs leakasge tate during the final test
‘ \ segment {(as in the previous itest) ensbled the sccumulation of an additional
e mi e |3 e and 17 min o cesting.

e Harface




Total run times on the two experimental bearing

retainers of {oterest ware:

1. PBl-glass irradiated ball rerainer S/N BS80DIE -

7 he, 35 min.

2 PRi-graphite roller retaluoer 5/5 880009, loader

o

yolier = 23 he, 2 min.

There were no pccurrences during the test which would

indicate anything other than successiul bearing operation.
2. Postrest lmspection

{13 Thrust Bearing, 5/u 5888

tue excellent condition of the components of

this bearing, including the irradiated ball vetainer, is shown in Figures a8
theough 0. Inspection revealed that the magnitude and severity ol debris~
caused dasmaye was grestly reduced in this rest, compared with that of the

/% BS0027 retainer test, isdicating the inportance of maintaining adequate
The surface finish of

coolant Tlow-rate and lov interfascial tesperature.
the rolling slesests of the huaring was intact with suly isclated pits and
dents evident. The Pil-glass retainer wear scars at the driving and trailing
pocket walls had rubbed throsgn the lubrlcant costing at the 1D portion af

the pocket wall., However, the scars did not extend acruss the entire retainer

thickness and wear was considered light, Weight-thange data indicated a

loss of over more than U. ) g9 was sustained (see Table #3. Since wear was

Light, it was assuted that most of the weight loss represented loss of the

eXoEsSL cely bBeavy Modvkarts oating.

Appearsnce of Thrusi-Besring Comporents,

fng Satisfactory Condition of Irradisted

PEI=Clase Retainer 5/ SHODZE

Ineludt




TABLE B

WEIGHT CHANGE, TWO EXPERIMENTAL BEARING RETAIBERS (BUILD-UF 32)

T led 23 R laylon TR . Part
U 1 Bescription Condition Height  gm Lhange, guw

A e
1. Ball Retainer FPretest 11.7187 -

§/8 880O28

After Molykote
Application 12.7946 *#1.0759 xaﬁa

Posttast 12.1611 «0.6335 Loss of Mob,_,
slight wear

2. Holler Retainer Pretest 10,0792 - -

S/N 880009
Figure 39 - Posttest Appearance of Irradiated PBI-Glass Ball Retainer, Loader Noller Posttest 10.0667 -0.0125 Negligible

Showing Inside Surface and Ball-Pocket Scars ; Bearing)

{2y Loader Roller Bearing, S/8% 1110

The loader roller-bearing compopents were, again,
in sxcellent condition after more than 23 hr of testing (see Figure 61,
Examination of vaces and vollers failed to reveal any evidence of significant
wear and no signs whatsoever of end wear (see Figures 42 and 63}, The PRI~
graphite retainer was in good condition with partial roller wear scars in
the roller pocket-driven walls {ses Tigures 44 and 45). These scars, as
well as the wear marks on the retainer OD, were essentially unchanged from

their appeavance following both previous tests of this bearing, &8 reflected
by the pegligible weight changes recorded in Table 9.

Figure 40 ~ Postrest Appearance of Irradiated PBI-Glass Ball Retainer,
Showing Uurslde Surface and Ball~Focket Scars




Figure 42 - Fosttest Appearsnce of Upstream Face of Loader Roller-Bearing
Roller

bearing Components
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Figure 43 ~ Posttest Appesrance of Downstream Face of Loader Roller-Bearing
Roller




TABLE 9

SUMMARY OF WEIGHT LUSS RECORD OF PRI.GRAPHITE ROLLER RETAINER
S/N BBUDDT {BEARING S/W 1110)

Taal Posttest
Build Up No RBure Time, nec Weight, gm
BUIAG AP v e bLEBE R Ll Bt

i 27,600 10.0409
1 55,543 10.0792

82,837 10,0687
{23 by, 2 min}

Figure &4 - Excellont Appearance of Loader Roliec-Bearing Retainer S/N 880009

After ‘ore Than 73 hr of Testing, Outside Surface

Flgore 43 ~ Pasvrest Appearance of Inside

Surface of Loader Roller-Bearing
Bertainer Afrer Testing
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EvteCLive

Pbs test was pertoreed s UL to wvalgare the effect
of the gamea radiation dose o0 4 plasderelnforced polvindde, as appused te

the polybenzinidavele; (23 0 evaluile the nev ball-retainey desipn a5 fabyls

cated by g dilervent vendory and (3 to provide Justification for the new ball-

retainer desian In view of toe fact that tue Pleglase velalners of the old
desien had falled in less than § by {see Relerence 27, Additional test obiees
Lives woere the testing of an anirradlated pladd-reinforced <P roller bearing
retadnes (578 B4000 5 and fwrther tosting, of the 578 BB0ODE PRI-graphite

tollve~bearing retalner which already had been tested 138 by,
e Frocuvenent and Pabrlvation

The principal fest part, o glass=iabricsreinforoed-81
synten, was falricated oo b reguivenenis of brawing BN OLLHTATSE WU and
serbelized S75 880U Tt v one of three patis fabrivaivd by nandrel wrap
sl a Pl=di0beinnropanted Soplane Tabrls prevrug, followed by a gradually
thereasing elevated besperalute suring ydle The resultant oylinder was
machined o Uhe redgule @ cond faaration and viswally dospected for discontinu~
Ptles and wrinries r viaks dn the glass reinlmcenent, . Tve hoopstensiun
test specinens were machidoed ed e livered with the thres velalners Besults
sERive neeen Restn el meinre eyl el e trrad it lony e well g valumerrie
wabes s resuite  are wiasin i Appendia U0 Howevery no detatled fabricative
amd sroveasing inferer b vas obtalaed Trow the vendor vhe considered this

MEurmabial e el aranriatary,

oy Tesut Plan

The part was radiographically lospected and ‘eand o
b structurally sound, 16 was suboitted to U e Gensval Dynamica/FL. Worth
GIR reantor as part of the GIR-30 drradiation expevinent . ¥etalaners
S/N 880002 and BB0001 were irradisted to 4.8 x 1010 crpu/am (€) ganma dose
and 4,0 % }éis nvE Tast neutron irradiaticn in liguid nitropen and subues
quently returned te Asvoiut-General.  5/0 BBOUDS was seleciod for bearing
vesting 4nd, folloving renoval of loosuly adheriag material, the part was
jubricated with brush applicetions <f Molvhkote 311, The appearance of the
part prior 1o testing is shown in Flgure 45,

Similar lubricant application was performed on the
loader roller-bearing PBl-glass retainer 5/H 880005 (see Figure 473, T
ruller-retainer appeavance before Molvkote application, showing the degeee
af porosity commonly obtalned with bighly volatile aromatic polymers, is
shown in Flaure 48,

Ho additional solld-filwm lubricant vas wpiied to e
previsgely tented and coated PRl-grashite motor voller-bearing recaioer
/8 w80008,

g Test Results

The tast of 578 BBOOGY reguived thres segments with twe
Dlervening disasseabliios and with the obiective of accunulating &1 dvast
Gohr el testlags The testowas perforesd at the conventional beartug test
paransetars used throughout = buaving testing.

Aftey the tester was started, specd was adjusted te
12,000 v and held for o fenin pusein period. & the end of this peried,
axinl and radia) loads were adiusted to 1200 and 2,300 16, respect wveiy, aud

Ehie flow rate was S8t st J0ote Woppe. Hhen speud e Incressed fo 26,000 s,




Figure 46 - Pretest Appearance of Irradiated Fl-Olass Ball
Retainer 5/8 880003

Figure 47 = Posttest Appesrance of Zsperinmental PBL-Ulass Roller-Bearing
Betainer 8/% BB000S

Figure 48 - Pretest fnd View of PBI-Class Roller-Retsiner, Shoring Type snd
Distribution of Poroaity

motor current increased to 45 to 3% amp range, compared with the usual 15 to
35 amp obuerved in sarlier tests, Tester noise appeaved to be louder than
usual with harsh overtonss coincident with higher amperage spihes,  Alter
appronimately 1700 sec, tester amporage incresved ervatically to the 70 1o
100 amp rangs and the test was terminated 43 sec later. When oan attempt to
rertart the testier failed, tne cester was then disassembled.

The lvad roller-bearing and ball-bearisg retainers were
found £o be in good tondition an shown in Figures 49 through 5%, Rough and
auiuy bearing performance, and test tersinstion, were found to have been
caused by heavy end-wear in the metor roller-bearing (see Figures 53 and 56)
culminating in the rollers skidding and turning 90° from their origimal
positions. Excessive skidding and turning resvited in outer-rave land chip-
ping and complete destruction of the PBl-graphite retainer {see Figures 55
and 563,

Investigations of the factors which may have caused such
heavy enu-vear were made both after this snd the following test and were pri-
marily alped at determining whether restricted coslant flow-cate say have
caused the observed roller<bearing perforsance. 1t was Tound that coelant
flow-rate was, in fact, considerably lower than had been indicated by instru-
mentation in both this and the next test. While the cause and discassion of
tiin snumaly is beyond the scope of this report, it must be horne in nind that
the severity of this and the following test was far grester than norsel and,
ne doubt, affected both losder roller~bearing and ball-bearing retainer veight
changes (See Table 103,

Final test time of the PBl-graphite roller retainer
/% BBOOOH was 14.3 hr.




Flgure 49 ~ Appecrance of Irradiated PBI-Glass Ball Retatner /8 B8OOO3

After Indtisl 1743 sec Test {No Evidence of Degradacion or
Incipient Fallure was Roted)

bR NN N NN )

Figure 50 = Satisfactory Appearsace of Bali~Bearing Components Aftar
Firat Test Segmen:

Figure 51 - Satiafactory Appearance of Experimental Boller Retainer
$/K BBODOS Afrer First Test Segment

e

Figure 32 = Satisfactory Appearance of Loader Roller~Bearing Components,
Including Experimental PBI-Glass Rersiner, After ¥Fiver Test
Sagment

63




FPigure 53 - Posttest Appearsnce of Motor Roller-Bearisg Rollers Showing
Effects of Extreme End-Wear and Beaving Fatlure, Upstraam faces

Figure 54 ~ Posttest Appearance of Motor Roller<Bearing Roller Downstrean
Faces

4060680 BE BBVUBTEL

Tigure 55 « Postt st Appearance of ¥otor Roller-Bearing Componsnta Including
Destroved PRi=Graphice Retainer 8/N BSOO08

s

~ Posttest Appesrance of PBI-Graphite Roller Retalner S/N 880003,
Tiaoe ¥ mzrwd%y Extreme End-Wear sod Follsr Skewing

83




TABLE 10

WEICHT CHANGE, TWU EXPERIMENTAL BEARING RETAINERS
{BULLD-UP 31)

Weight, Change;
Part Description Condition zB &

i. Ball Retailner Pretest 14,0265 -
S/8 880003
Pi~Glass After Molvkote 14,1668
application

Postrest 14,0011 Loss of

Ist Segment Ha83;
{2% sin} Siight Wear

Posttest 13.9870 Hegligible
Znd Segment
{2 br 5 wmin}

Posttest Failed
3rd Sepment
{8 min}

2. Boller Retainey Fretest 12.03%0 - -
S75 BBOOUS
PBI<Clas- After Molvkote 14,2068 1878 aési

Fosttest, 12.1842 «0,.0226 Loss of 3333
st Segment

Ponttest, 12.063 ~ 1306 Slight Wear
dnd Segment

Fasttest, Hot Used
Yrd Begment

The second test segment was performed following motor
toller-searing replacenent aod tester reassembly. Both the loader yoller-
searing #nd ball-bearing were resssembled without further processing, The
v sotur roller-hearing contatned & conventional Armalon retainer vhich was
sprav-and brusbelubricated with Melykete 311 prior 1o assembly.

Foilowlop tester starting and operation at 13,000 rpe,
and during its subseguent operation at 24,000 vom, it soon became apparent
that tester operation waw similar to thal observed during the first test
segment.  With bearing loads adjusted to 1,200 and 2,300 1b, and the covlant
Flow rvate &t 15 to 30 gom pressurized to 205 paig, tester solor current was
43 to 55 amp. Occasional excursions were obaerved to the B0 to 70 amp range
coincident with increased tester sound level. The tester operated in this
manner for 2 Br and 5 min st which tise motor current increased in seversl

short stages to 100 amp. The test was terminated 35 sec later.

Since the previous attempls to correct rough tester
operation had not succesded, the tester was agein disassesbled fov detailed
investigation of a1l components. Heavy end-wear was again noted in the sotoer
roller~bearing (see Figure 57). In addition, some end wear was also incurred
by the load rolier-bearing with the resultant debris flowing through the ball
buaring (see Flgures 50 and 5%9). The Pél-glass loader roller-bearing retainer,
However, was in good condition (see Figure 60) as vere the ball bearing compo-
pants (see Figure 613, Evidence of metallic debris esbedded in the ball
rotainer was noted and the debris from the loader voller may have been the
cause of the slightly frosted surface condition noted in the foner and ocuter
race track areas. The retaiver pockets contained light scars from ball con-
tact and burnished aveas were developed on the 00 at the suter-race support
areas, In general, the retsiner was in satisfactery condition and warranted
Further testing {see Flgure 813,

10 the detailed tester component investigation which
followed, It was determined that & condition had existed In the previous tvo
test segments anslogous Te coolant leakage between the tester and the flow
mweter:  Tnis discovery indicated that flow through the test bearing was signi-
fleantly lower than registered by instrumentation, resulting {n roller-beaving
end wear and an excessively high sotor-current regquiresent.  The high current
resulted in abaorsal heat inputl to the alveady inadequately cooled motor
roller-bearing. The combination of a lov flow~rate and high motor-current
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Figure 57 ~ Posttest {(Second Sogment) Appesvance of Motor foller-Reaving
Components Showing Heavy End-Wear on Roller Downstream Faces

{Lefr Sided

ATE i &% s e .

Figure 58 ~ Posttest (Second Segment) Appearance of ioader Roller-Bearing
Components Including Experimental PBI-Class Retainer §/N 880005

/N 290190 -1 49

Figure 39 - Posttest (Second Segment) Appeavance of Loader Roller-Bearing
Koller End-Wear, Imdicative of Abnormally lLow Coslant Flow-Rate

During Testing 58

Figure 60 ~ Satisfactory Appearance of Loader Roller-Hearing Retalner

S/N BBODDS After Second Test Segment

Figure §1 - Satisfactory Appearsace pf Ball-Besring Cosponents, lanciuding
frradiated PI-Glass Ball Retainmer S/N 880003, After Second YTest

Segment

Figure 62 -~ Posttest (Second Segment} Appesrance of Irradiated Pi«Glass Hall
Retainer S/N B80007 Showing Very-Light Burnishing on Outer
bDiameter and Light Pocket Scars
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led to 5 mutually velnforcing degradation cvele, resulting in the extensive
bearing damage described earlier.

To avoid repetition of this test condition, tester compo~
nents used in previous successful tests were scheduled for employment in the
taird test segment. In addition, the PBi-glass loader roller-bearing retainer
was replaced by a conventional Armalon vetalner and the sxperimentsl Pleglass
bali retaiver was placed in g nevw bearing.  Addirienal lubricant was not

applied to the Pl-pluss retainer:

The tester was operated satisfactorily at the low run-
in speed of 12,000 rpm for approximately 3 min. However, it was noted that
tester current was again high (i.e., approximately 35 to 40 amp). lpon
spplving bearing loads and incressing tester speed to 24,000 vpm, tester
current and sound level became noticeably harsh, The tester operated in this
manmer for 310 sec with tester currest fluctuating between 40 amd 8D amp,. An
sxcursion to 00 amp accompanied by g noticeable drop in tester speed
Capproxinately 1000 rpe), resulted in tester shubdown,

Inspection of tester components an varings indicated
ik the cause of the nolev and erratic test vas failure of the superimental
Pleclass rebtainer, o Lnoevidence of roller<bearing end wear was cbserved and
the two roller-bearing Armalon retaipners were in good vondition, as were all
aher raller<bearing components {see Filgures 81 and B4},

The bali-bearing retaloer failure was caused by delami-
sution wwd loss of twe ball-separation soctlons {sce Figures 63 theough 877,
Tuese svitions, onoe loose, nevertheless were held in plave by their ball
conteur and, therefare, wore probably the cause of severe vibration and rough
wearing operac i ns explaining both the abnorsmal tester nolse and high vperate
e ocerrents o Goe rapddi b ol the fablure dndicated damage was incurred during

P srev ot beot seomwnts and Lhat Incipient tallure alter the fivst or

second test segment was probably attributable to the sarlisr tester snosalles

described above,

Evidence that excessive weay, per se, was not the cause
of fatlure is shown in Appendix €. The caleculations were made to cowpare the
retainer volumetric vear-rate with the volusetrvic wear-rate developed by Pl~
glass in the liguid-hydrogen wear test. As shown, the retainer wear rate vas
667 of the wear<test wear rate, indicating that other factors {(e.g., over~
heating or mechanical shock during the first tvo test segments) may have
influenced the performance of the part.

Final test time for the Pl-glass vetainer vas I hr and
43 min. Further tests will be regquired to evaluate the Pl-glass material.
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Figure 63 » Postrest {Third Segment) Appearance of Motor Roller-Bearing
Components with No Evidence of End-Wear or Other Damage
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Flgure &4 ~ Posttest Appearance of lLosder Roller Bearing Showing Satisfactory
Condition of All Components

Figure 65 - Posttest Appearasnce of Irradiasted Pi-Class Ball-Bearing Retalner
S/H BBOUOY Showing Nature of Failure {Delasination of Ball

Separator}

Figure 66 ~ Posttest Appearance of Irrediated Pl-Glass Ball-Bearing
Retainer 5/4 880003 Showing Une Delaminated Area and Adiacent

Separator Section About to Fail

Figure 67 =~ Positest Appearance of Bali-~feaving Components Including
Irradiated PloGlass Ball Retalner S/N SB0DUD with Ball

Separator Sscrlons Whilch Falled Buring Testing

13
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APPENDIN A

PROCUREMENT AND FABRICATION UF S~CLASS SEINFORCED PRI
S0-800 BALL BEARING BETAINERS

B.O. 206370-0914 issued 10724766,

Vendor, Narmco RED Division of Whittaker Corporation, San Diege
PAL 1118584~1 H/C

R/8 1 and 2

Materials used:

&
b

Hoeat~cleaned 1581 S~glass fabric
Pl {polybenzimidazols) resin, 30% by welght, sicimum

Approximate fabrication segusnce:;

&
b.

Straight cut approvimately 4-in, wide and 4b4-in. long.

Material wrapped on a relessed and primed mandrel in a wrap
lathe and wrapped to a 3.3-in. dismeter undey approximately Mi-1b
tension and 250<1b force on & J-in. cvlindrical steel rollee,

The cylinder shrink-taped and the tape heavily perforated and
cured as follows:

Start cure at 75°F.  Slowly increase in temperature (25°F/10 min)
to 4507F and Bold at 450°F for 130 min. Slowly increase tempera-
tuve (25°F/10 min) to 3507F and hold st 550°F for 120 win.

Slowly increase tempirature {(25°F/10 min) to 700%F and hold at
TOUTF for 4 hr. Slovw toul to room temperature.

Aftey cure, the parts were sectioned from the cylinder and
machined.




APPENDIX B

PROCUREMENT , FABBICATIOR AND TEST RESULTS OF S5-GLASS BEINFORCED
PRI S0-MM BALL BEARING RETAINERS

PO, 101973 issued 5/B/68.
Veador:  Narmco R&D Division of Whirtaker Corporation, Ban Diego, Calif.
PIR 113474758
S/8 880025 through 8BOO30,
Materials Used:
Hear~cleaned 1581 S«glass fabric

1850 lmidire PRI {Polybenzimidazole) resin, 30X by weight,
minimen.

5-in. long steel mandrel.
Approziwate fabrication sequence:

&, Car the 185071581 lmidite prepreg to I~in, wide, 220-in. long
{two required).

t.,  Preheat wandrel to J00°F., Wrap prepreg on mandrel with maximun
tension {approximately 20 1b). Sgueegse each ply to insure

compaction,
Apply Barrier cleth and overvrap with glass roving at 20 to 25 ib |
teasion. |

Cure in stainless steel box under gaseous ailbrogm prassure at a
flow cate of B cubic It per hour.

Cure:

Increase from room tempersture o &50°F at 607F/u and hold ar
&50°F for 2 hr.

From 450°F, increase temperature to JOO'F at 170"F/hr and hold
at 7J00"F for 3 hr.

Postocure:

Hold at 800°F for 16 hr. Cool under a gaseovus nitrogen pressuve
purge of 8 cublc fr per hr.

Bemove bairier cloth and machine
Cat ends to clean and Inspect for wrinkles.
Determine the following characteristics:

% Resin Content: 34,.1% wvelght percent
Specific Cravity: 1.42




APPENDIX 8

Hoop test resalts from tests performed by Acrojet-General:

Haoop
wio wio vl via  wia Spa Lrav. Strength,

Material Class Hesin Ulass Reain Void Actual Theor, ¥si

LConirol PRl/Glass o686 3346 33 31 36 123 2.1 36,59

Irradiated PRliclass - - - - - - - 41.8 &
{CTR-204) 35.8

APPENDIX €

PROCUREMENT, FABRICATION ANU TEST RESULTS OF 5-GLASS REINFORCED
PL 50-mm BALL BEARING RETAINERS

PO, 275842 issued 1/26/68

Vemdor:  Nrunswick Corporation, Defense Products Division,
Marion, Virginis

PIN 11347476 NC

S78 BSOODL chrough BEOOGS

Marerials used:

a.  Heat-cleaned {112} 181 S-Class fabric.

b DuPont laminating resin PI-2301, 300 by weight, micimun.

The following characteristics were determined in tests performed by
Agrojet-General

Hoop
wio wia win wio wio Sp. Grav. Strength,
Material Glass Resin Glass Besin Void Actual Theor  Ksi
Control Pl-GClass  53.2 4.8 33 55 12 1.56 196 1.59
irradiated Pl-Glass - - = - - - - 8.3
{GTR-Z20A)

Wear Rate: PI-Glass Ball Betainer - §/78 880003

Time in test {not counting test segment causing failere): 154 min

Surface Speedy  H300 ft/nin

Wear Distance:  },309,000 f1
or %03 .000 meters

Wedght Loss {adjusted for some loss of xﬂsz}: G155 g
Weight loss per pocket: G.013 gw

Volume loss per pocket: U.008B& cc
{density 1.56 gw/ve. See Abov)

Ketainer Volumelric Wear Rate: 2.08 x iéms voin

Ploplass woar rate frowm wear test {(Referenve 21: L& x ing cclm

{Retainer wear rate is 660 of wear-test wear ratel




